1. Homogenates were prepared from sphaeroplasts of aerobically grown glucosede-repressed Saccharomyces carlsbergensis and the distributions of marker enzymes were investigated after differential centrifugation. Cytochrome c oxidase and cytochrome c were sedimented almost completely at 105g-min, and this fraction also contained 37 % of the catalase, 27 % of the acid p-nitrophenyl phosphatase, 53 and 54 % respectively of the NADH-and NADPH-cytochrome c oxidoreductases. 2. Zonal centrifugation indicated complex density distributions of the sedimentable portions of these enzymes and of adenosine triphosphatases and suggested the presence of two mitochondrial populations, as well as a bimodal distribution of peroxisomes and heterogeneity of the acid p-nitrophenyl phosphatase-containing particles. 3. Several different adenosine triphosphatases were distinguished in a post-mitochondrial supernatant that contained no mitochondrial fragments; these enzymes varied in their sensitivities to oligomycin and ouabain and their distributions were different from those of pyrophosphatase, adenosine phosphatase and adenosine pyrophosphatase. 4. The distribution ofNADPH-cytochrome c oxidoreductase demonstrated that it cannot be used in S. carlsbergensis as a specific marker enzyme for the microsomal fraction. Glucose 6-phosphatase, inosine pyrophosphatase, cytochrome P-450 and five other enzymes frequently assigned to microsomal fractions of mammalian origin were not detected in yeast under these growth conditions.
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Studies on the subcellular fractionation of various species ofyeast are now facilitated by the development of an enzymic method for digestion of the rigid cell wall (Eddy & Williamson, 1959; Duell et al., 1964) .
When this method is combined with gentle homogenization, involving a minimum of liquid shear, the release of cell contents is not accompanied by great damage to membranous organelles (Hughes et al., 1971) and their separation and characterization can proceed along the lines established for mammalian liver (de Duve et al., 1955) . The snail-enzyme method has been used to isolate intact yeast mitochondria (Duell et al., 1964; Ohnishi et al., 1966) , vacuoles (Matile & Wiemken, 1967; Inge, 1968) , peroxisomes (Avers & Federman, 1968) and plasma membrane (Nurminen et al., 1970; Diamond & Rose, 1971) .
Therehave been several reports on the use ofdensitygradient techniques for the separation and characterization of various organelles from yeast. Schatz (1963) , Schatz & Klima (1964) and Perlman & Mahler (1970) studied the distribution of mitochondrial and microsomal enzymes in sucrose density gradients. Marcus et al. (1967) isolated polyribosomes on sucrose gradients. Matile & Bahr (1968) characterized isolated mitochondria after centrifugation through Urografin gradients , Avers et al. (1969) and Neal et al. (1970) have Vol. 126 used sorbitol gradients for the separation of mitochondria and peroxisomes. Avers and her coworkers (Neal et al., 1970) are the only group to have exploited the powerful resolution by rate-zonal density-gradient fractionation (Anderson et al., 1966) of homogenates produced by gentle disruption of yeast sphaeroplasts. Values for recoveries of total enzyme units were not presented in any of these studies.
In the present work we attempt to characterize (rather than separate) some of the various subcellular membrane systems obtained from yeast sphaeroplasts by both differential and high-speed zonal centrifugation on sucrose density gradients, and to account for the distribution of marker enzymes over all the fractions obtained.
Materials and Methods

Maintenance and growth
Saccharomyces carlsbergensis (N.C.Y.C. 74S) was maintained on 10% (w/v) glucose-malt extract-agar slopes (Wallace et al., 1968) .
The complex growth medium for batch cultures was that used by Duell et al. (1964) , total glucose 2.2% (w/v). This sugar concentration was achieved by adding 0.8 % (w/v) glucose, as the yeast extract and peptone contain some glucose. The MgSO4, (NH4)2SO4 and glucose were each sterilized separately and added to the cooled medium.
Starter cultures were grown in 50ml portions of medium in 500ml conical flasks that were shaken for 15 h at 30°C in a rotary orbital incubator (Gallenkamp and Co., London E.C.2, U.K.). Batch cultures (10 litres) were grown in a 14-litre Microferm Laboratory Fermentor (New Brunswick Scientific Co., New Jersey, U.S.A.); the temperature of growth was 300C, the stirring rate 400rev./min and forced aeration was at 1 litre of air/ 1 of medium per min. Organisms were counted in a Thoma haemocytometer cell (Hawksley, Lancing, Sussex, U.K.) after suitable dilution and gentle hand homogenization to separate the clumps. The inoculum contained between 6.5 x 107 and 8.5 x 107 organisms. The culture was harvested in the late exponential phase of growth when the cell population was between 4.0 x 107 and 7.0 x 107 organisms/ml as shown in Fig. 1 .
Harvesting andpreparation and disruption ofsphaeroplasts All centrifugation procedures were done at 4°C. Cells were harvested by centrifugation for 10min at 1500g (ray. 24cm) in the 6 x 1-litre rotor of an M.S.E. Mistral centrifuge.
Sphaeroplast formation was by the modified method of Eddy & Williamson (1959) , as described by Duell et al. (1964) , except that the snail enzyme was prepared from Helix pomatia in our laboratory. After 1 h at 30°C (pH 5.0), 90 % sphaeroplast formation was accomplished. After washing once, sphaeroplasts were disrupted in approx. 10vol. of a solution containing 0.25M-sucrose-10mB-tris-HCl2mM-MgCl2 (pH7.4). Gentle breakage of sphaeroplasts was effected by using 6 cycles of a Teflon hand homogenizer (clearance 0.01 cm), care being taken to avoid cavitation. Partially digested cells, intact sphaeroplasts and nuclei were removed by centrifugation for 5min at 2000g (ra,. 7.6cm) in a 8 x 50ml rotor of an M.S.E. 17 centrifuge, and the supernatant (termed the whole homogenate) was then decanted, care being taken to avoid disturbance of the lower layer. Fractionation by high-speed zonal centrifugation Zonal centrifugations were performed in a BXIV rotor (Anderson et al., 1967) in an M.S.E. 40 centrifuge as described by Lloyd et al. (1971) . Minor modifications of this procedure were that the volumes of whole homogenate were 16-20ml, and the overlay was 30ml of 6% and 30ml of 4% (w/w) sucrose buffered with O0mM-tris-HCl (pH 7.4). Both gradient and overlay also contained 2mM-MgCl2.Fractions (lOml) were collected at 5°C; sucrose concentrations were measured by using a refractometer and densities were calculated by using the results of de Duve et al. (1959 
0~~~E
Vol. 126
Other determinations Cytochromes. Total cytochrome contents (Na2S204 reduced-ferricyanide oxidized) of homogenates and fractions were calculated from measurements of the a-bands on spectra recorded with a Cary model 14 recording spectrophotometer fitted with the fine slide wire.
Protein. Protein was measured by the method of Lowry et al. (1951) , with bovine serum albumin as a standard.
Glucose and ethanol. These were estimated by using Sigma reagent kits numbers 510 and 330-UV respectively.
Electron microscopy
Materials in fractions were fixed by the addition of 1 ml of 25 % (v/v) glutaraldehyde (TAAB Laboratories, Reading, Berks., U.K.) to 4ml of fraction. Fixation was for 1 h at 4°C during centrifugation at 106000g (ra,. 5.98 cm) in the 8 x lOml rotor of the M.S.E. 40 centrifuge. Postfixation was with 2 % (w/v) OS04 for 45min; the fixed pellets were dehydrated through an ethanol series and embedded in Araldite. Sections were cut at a nominal 60nm thickness by using a Riechert Ultramicrotome. Examination was in an A.E.I. 801 electron microscope with 60kV accelerating voltage.
Chemicals
Cytochrome c (type 111, horse heart), NADH (type 111, yeast), NADPH (type 1), ATP (disodium salt), oligomycin, ouabain, ADP, AMP, IDP, glucose 6-phosphate and p-nitrophenyl phosphate were all from Sigma (London) Chemical Co., London S.W.6, U.K. Bovine serum albumin was from Armour Pharmaceutical Co., Eastbourne, Sussex, U.K. Difco yeast extract was from Baird and Tatlock, Landore, Swansea, Glam., U.K., and mycological peptone from Oxoid Ltd., London S.E.1, U.K. The sucrose used was mineral water sugar from Tate and Lyle Ltd., Cardiff, U.K. H. pomatia were obtained from Haig and Co., Beambrook, Surrey, U.K.
Presentation of results
Enzyme units are expressed as nmol of substrate transformed/min or as nmol of measured product formed/min. In the graphical presentations (Figs. 2 and 3) vertical lines divide the diagrams at density intervals of 0.05g/ml. Percentage sedimentability is arbitrarily expressed as that proportion of the total enzyme units recovered, which had sedimented beyond p = 1.10g/ml after centrifugation at a minimum of 6 x 106g-min.
Results
Changes in enzyme activities during growth
Exponential growth occurred (mean generation time 1.0h) before glucose utilization decreased the substrate concentration to 80mM (Fig. la) . In this phase of growth there was a gradual accumulation of ethanol but the cells were still glucose-repressed as shown by the low activities of all the marker enzymes assayed. In the late exponential phase of growth there was a rapid utilization of glucose accompanied by an increased rate of ethanol production. Large increases in the activities of cytochrome c oxidase, NADH-and NADPH-cytochrome c oxidoreductases occurred at this stage (Fig. Ib) and were followed by the formation of measurable catalase activity only when no glucose was left. The growth rate decreased just before this point. The increases in enzyme specific activities during late exponential phase were accompanied by a 7-fold and 2-fold increase in the content ofcytochromes a + a3, and cytochrome c respectively. In contrast the amount of cytochrome b did not alter markedly.
In all the experiments subsequently described, cells were harvested after the glucose concentration became less than 40mM and before the ethanol concentration reached 11 mM.
Fractionation by differential centrifugation
The differential centrifugation procedure yielded a fraction P1 that contained 29% of the total protein together with 96% of the cytochrome c oxidase activity. The distributions of NADH-and NADPHcytochrome c oxidoreductases were similar in that 53 and 54% respectively were found in this fraction. Of the total catalase activity 51 % was found in fractions P1 + P2. Acid p-nitrophenyl phosphatase activity was heterogeneously distributed throughout the fractions, 56 % being in fraction S.
All detectable cytochromes a+a3 and c were found in fraction P1 but this fraction contained only 40% of the total cytochrome b, the remainder being in fractions S (39%Y.) and P2 (11 %).
Fractionation of a whole homogenate by zonal centrifugation After centrifugation in the BXIV rotor for a minimum of 6 x 106g-min (at the starting zone) the light-scattering profiles at 520nm and 260nm were complex (Fig. 2a) . The major peak at 260nm presumably contained ribosome monomers. The starting zone still contained about 50% of the total protein (Fig. 2a) together with a large proportion of the total activities of catalase and acid p-nitrophenyl phosphatase (Fig. 2b) and NADH-and NADPH-cytochrome c oxidoreductases (Fig. 2c) The mitochondrial peak at p = 1.21 g/ml contained the major peaks of cytochrome c oxidase, NADHand NADPH-cytochrome c oxidoreductases and oligomycin-sensitive, ouabain-insensitive ATPase(s) (Figs. 2d and 2e ). This zone also contained the major peak of catalase, together with the major sedimentable zone of acid p-nitrophenyl phosphatase. A further peak at p = 1.23 g/ml contained all the mitochondrial enzyme activities and again contained catalase and acid p-nitrophenyl phosphatase. The relative specific activities of four different enzymes in fractions 31 and 35 are compared in Table 3 together with the ratio of activities in the two fractions.
Electron micrographs of these two fractions (Plates 1 and 2) show that both contain mitochondria in different 'conformational states' (Hackenbrock, 1967) , together with several types of vesicular material. A major difference between the mitochondria of these two fractions was that the diameter of those banding Vol. 126 at equilibrium density p = 1.21 g/ml was 0.38,um (S.D. 0.112,um) while those at p = 1.235g/ml had a diameter of 0.62,um (S.D. 0.134,tm, 100 measurements of each). The values given are the means of the observed diameters.
ATPase activity was also present at p = 1.105 and p = 1.145g/ml, the lighter (or smaller) of these was oligomycin-sensitive but ouabain-insensitive, whereas the second was insensitive to both inhibitors. The ATPase activities of these zones and a large proportion of the mitochondrial oligomycin-sensitive ATPase(s) were lost during storage for 18h at 18°C.
Fractionation of a post-mitochondrial supernatant by zonal centrifugation A post-mitochondrial supernatant that contained no cytochrome c oxidase was obtained as described above. Results for recoveries of enzymes of the whole 13 homogenate in fraction P1 + post-mitochondrial supernatant and the percentage of the enzyme activity in the latter are given in Table 4 . After centrifugation for 6 x 106g-min the light-scattering profile (520nm) indicated that sedimentable material was fairly heterogeneous (Fig. 3a) . The trace at 260nm showed a major peak at p = 1.l1 g/ml, which was caused by protein in this region of the gradient. The distribution of NADH-cytochrome c oxidoreductase (Fig. 3b) showed a major peak that had remained at the starting zone, a second small peak still at p < 1.10 g/ml and a heterogeneous distribution between p = 1.15-1.25 g/ml. NADPH-cytochrome c oxidoreductase was distributed between three major zones: one that had not sedimented, a second that had begun to separate from the starting zone and a third at p = 1.12g/ml. The two oxidoreductases therefore had different sedimentation properties. Catalase (Fig. 3c) remained at the starting zone as did all of the acid p-nitrophenyl phosphatase.
The profiles of ATPase(s) in the presence and absence of inhibitors (Fig. 3d) indicate that an ATPase partially sensitive to both oligomycin and ouabain was present at p = 1.095g/ml but was not well separated from an oligomycin-insensitive, ouabainsensitive ATPase at p = 1.l1 g/ml. An ATPase sensitive to both oligomycin and ouabain was found at p = 1.23 g/ml.
Pyrophosphatase was completely non-sedimentable. Zones of ADPase were found at p = 1.105 and 1.20g/ml and a trace of AMPase was detected in fraction 11, between the zones of ADPase activity.
A summary of the percentage sedimentabilities of the sedimentable portions of all enzymes assayed is presented in Table 5 . The following enzymes, which have been used as microsomal markers in mammalian systems, were looked for but were not detected in a post-mitochondrial supernatant: glucose 6-phosphatase, IDPase, aromatic nitroreductase, aniline hydroxylase, ethylmorphine N-demethylase, oaminophenol-UDP-glucuronate transferase, oVol. 126 aminophenol-UDP-glucose transferase and cytochrome P-450.
Discussion
After preliminary differential centrifugation experiments, high-speed zonal centrifugation is useful for the characterization in a one-step procedure of the different populations of membranous organelles present in these extracts from S. carlsbergensis. Under the conditions employed, mitochondria and peroxisomes reach their equilibrium densities, but microsomal membranes are separated on a rate basis. For optimum separation the technique of rate-zonal centrifugation may be employed to advantage, although many different centrifugation conditions are then necessary to survey completely all the classes of Table 3 . Ratio of enzyme specific activities in fractions containing mitochondria after sedimentation to equilibrium densities Values refer to fractions 31 and 35 of the experiment shown in Fig. 2 . When comparing ratios of various enzymes in a given fraction the specific activity of cytochrome oxidase is set at 1.0.
Relative enzyme specific activities Table 4 . Fractionation ofa whole homogenate ofaerobically grown glucose-de-repressed S. carlsbergensis to give a post-mitochondrial supernatant A whole homogenate (WH) was centrifuged at 105g-min to give fraction P1 and a post-mitochondrial supernatant (PMS). This supernatant was then centrifuged in the B XIV zonal rotor at 6 x 106g-min (Fig. 3) . Values are the % of total enzymes of whole homogenate in the post-mitochondrial supernatant, and the recovery (%) of activity in fraction P1 +post-mitochondrial supernatant referred to the whole homogenate. N.D. indicates that the enzyme was not detectable. Values for recoveries of enzymes from the zonal centrifugation step (referred to the amount of post-mitochondrial supernatant loaded on to the rotor) are given in the caption to Fig. 3 In the system studied virtually all the cytochrome c oxidase is sedimented by 6 x 106g-min and two distinct zones (at p = 1.21 and 1.235 g/ml) containing this enzyme were found. The relative specific activities of four mitochondrial enzymes in each of these zones were quite different (Table 3) suggesting that the phenomenon was not the result of mitochondrial fragmentation, although oligomycin-sensitive ATPase, NADH-and NADPH-cytochrome c oxidoreductases may also occur in non-mitochondrial membranes. The differences in the two apparently distinct mitochondrial populations may be ascribed either to a genuine physiological difference, or to an Vol. 126 artifact of isolation and centrifugation through an osmotically active gradient (Beaufay & Berthet, 1963) .
Bimodal density distributions of rat liver mitochondria on gradients of aqueous sucrose arise from differences in the accessibility of the matrix space to sucrose, the heavier mitochondria being freely permeable. Conversion of the lighter mitochondria into the more dense type was achieved by incubation with succinate and Pi (Pollak & Munn, 1970) . The specific activities of several enzymes and also phospholipid/protein ratios were very similar in both types of mitochondria, which showed the condensed matrix form when fixed at their isopycnic densities, Thus heterogeneity of mitochondria from rat liver appears to be the result of isolation conditions, whereas there is considerable evidence for two distinct mitochondrial populations in yeast. Thus glucose-de-repressed Saccharomyces cerevisiae contained two types ofmitochondria that differed in mass (as calculated from electron micrographs) and these could be separated by density-gradient centrifugation on Urografin into two populations with different enzymic activities (Matile & Bahr, 1968) . Changes in densities ofmitochondria during glucose de-repression can also cause formation of two distinct populations as identified by sedimentation through aqueous sucrose (Schatz, 1963) or sorbitol gradients (Neal et al., 1970) .
In our experiments the two populations showed differences in (a) density in aqueous sucrose, (b) ratios of specific activities of enzymes, (c) size and (d) ratios of 'condensed' to 'orthodox' forms (1.0:0.48 in fraction 31; 1.0:1.1 in fraction 35). Although all these properties are determined by permeability to sucrose, (b) particularly suggests that the two populations of isolated organelles may represent physiologically distinct types of mitochondria. To resolve this problem it would be necessary to use non-osmotic density-gradient media such as Ficoll.
It has been suggested that the cell vacuole of yeast is a single large lysosome (Matile & Wiemken, 1967) . a mannitol-Ficoll system, contained esterase, acid proteases and RNAase but no f-glycerophosphatase. Acid p-nitrophenyl phosphatase and an oligomycinsensitive ATPase are present in the plasmalemma or cell wall (Nurminen et al., 1970) . In our experiments 40% of the acid p-nitrophenyl phosphatase appears to be associated with membrane (fragments) that are heterogeneous in size or density.
Sedimentable catalase showed a bimodal distribution and the constant relative proportions of nonsedimentable and peroxisomal catalase from one experiment to another suggests that the soluble catalase does not arise from damaged peroxisomes. This confirms the reports of Avers & Federman (1968) Vol. 126 and that catalase is not entirely bound to peroxisomes.
The omission of MgCl2 from the disruption buffer and gradient does not alter the distributions of catalase and cytochrome c oxidase. However, when 2mM-EDTA replaced MgCl2 all the catalase and 20 % of the cytochrome c oxidase became non-sedimentable (Cartledge et al., 1969 (Cartledge et al., , 1971 .
Heterogeneous distributions of NADH-and NADPH-cytochrome c oxidoreductases are observed after both differential and zonal fractionations. Thus both of these enzyme systems must have several different locations, as they can occur in fractions containing no detectable cytochrome c oxidase activity. Schatz & Klima (1964) state that the NADPH-linked activity is uniquely associated with microsomal particles, and Henson et al. (1968) have also used this enzyme system as an indicator of non-mitochondrial membranes, although they noted 'a low mitochondrial activity capable of reducing cytochrome c at the expense of NADPH'. We have demonstrated that this enzyme sediments with mitochondria in lowspeed rate-zonal separations (Cartledge et al., 1971) , and the present work also clearly demonstrates that NADPH-cytochrome c oxidoreductase cannot be regarded as a specific microsomal marker. Several other enzymes often associated with mammalian microsomal preparations were not detectable. Cytochrome P-450 was also not detectable, confirming the observation of Ishidate et al. (1969) that this cytochrome is not present in aerobically grown yeast although it is found after anaerobic growth. Schatz & Klima (1964) were unable to find sulphite cytochrome c oxidoreductase, NAD(P)H-nitrate reductase, NAD(P)-A4-oxo steroid reductase or glucose 6-phosphatase in microsomal fractions of mechanically disrupted S. cerevisiae. Thus further work is necessary to find an unequivocal marker for microsomal membranes and also to identify various membrane structures that give rise to the different populations of particles that have ATPase activities.
